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Abstract 
The introduction of high power single mode fiber lasers has given deeper and narrower laser welds than seen previously. In some cases the 
weld becomes too narrow and must be expanded to fit the geometrical shape of a given weld task. It was suggested that instead of using only 
one beam, the beam was split into multiple beams placed in a pre-specified pattern. In this way the dimensions of the weld pool could be 
controlled. This gave the ability to control the final weld face width and penetration depth independently of each other with minimum heat 
input.
Practical implementation of splitting a beam into a beam pattern with a diffractive optical element (DOE) is presented with results on splitting a 
beam from a single mode fiber laser into either three or seven individual beams on a row. Basic design rules for controlling the weld pool 
dimensions are developed. Results show that it is possible to control weldpool in size. 
© 2014 The Authors. Published by Elsevier B.V. 
Selection and blind-review under responsibility of the Bayerisches Laserzentrum GmbH. 
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1. Introduction – motivation 
Traditional laser welding is performed with a single beam. This creates a single keyhole, where the resulting welding face 
width and penetration depth is controlled by the geometry of the keyhole. The geometry of the keyhole is a function of the 
process parameters. 
In this paper a new method for applying a specific weld face width and penetration depth is suggested and demonstrated. A 
single mode fiber laser was used with a diffractive optical element (DOE). The DOE was inserted just above the lens and 
transforms the beam into several beams on a line perpendicular to the welding direction in the focus area. In this way the face
width could be chosen by designing the DOE to split the (main) beam into a specific number of sub-beams. The penetration 
depth can be adjusted by the laser power and travel speed, as in traditional keyhole welding, for specific combinations of focus
adjustment and lens configurations. [11] [9] [10] 
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Fig. 1. Laser welding system. Horizontal input variables, vertical fixed input parameters and process output parameters. 
In figure 1 the most relevant parameters for designing a weld to a specific face width and penetration depth are shown.  
In general, laser welding produces deep and narrow welds, and is often chosen as production method when deep narrow welds 
are needed. However, if a wider weld is required, it can be difficult to realise it with lasers. First, the keyhole has to be increased. 
This can be realised by a larger beam diameter. However, when increasing the diameter, the intensity drops. When the intensity 
gets low enough, the keyhole is no longer formed, and the welding then changes from a keyhole welding to a laser surface 
conductive welding. The differences are sketched in figure 2a and 2b. 
A laser conductive welding does not have the ability to allocate the energy in a nearly line down through the material. Instead
the energy is absorbed on the surface of the material. It is therefore difficult to transport the energy deep into the material, or to 
penetrate more than the top sheet which is needed in overlap joints. Overlap joints are therefore difficult to perform as laser
surface conductive welding, since no keyhole is formed. 
In figure 2a and 2b the difference in melt pool for overlap joints and a double butt joint with different beam diameter is 
sketched. The double butt joint can be difficult to realise, as the demands for alignment increases, so the heat input should be
limited. In this case it could be an advantage with two small keyholes placed in the interface instead. 
Fig. 2. Difference between laser surface conductive welding (wide beam), laser keyhole welding with one beam (single narrow beam) and multiple simultaneous 
beams (multiple narrow beams): (a) for overlap joints; (b) for double butt joints. 
Several researches have focused on improving laser welding techniques and to expand the process window in laser material 
processing. Some of the applied techniques include oscillation of the beam in the keyhole for larger gap tolerances or to lower
the cooling rate in welding of duplex steel [15], applying more than one laser beam in the same weld pool [13] [17], pulse 
shaping [12], beam shaping to smoothen out the edge on the top of the weld [14] and crack free welds [16]. 
The role of focus ability has been examined to see if there is an “optimum beam” for a specific material regarding intensity 
and welding depth [20] [19]. Also focus shift and its effects have been studied to see how a beam and the resulting weld are 
affected over time on real welding installations [18]. 
Welding with single mode fiber lasers has been demonstrated by several researchers [11] [9] [10] with penetration depth up to 
several millimetres and narrow deep welds. In most cases focus is on narrowing down the total welding width, which in some 
real cases can be unpractical as showed in figure 2b. If the vertical plate is more than just a half millimetre thick, it becomes
difficult to create a wide enough melt pool by keyhole welding with a single beam. 
A new approach for designing weld geometries has been proposed. By applying more beams in the same melt pool it was 
expected that the face width and penetration depth could be controlled, as sketched in figure 2b. A series of experiments with 
multiple beams were performed to verify this hypothesis.  
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1.1. Laser development 
For many years laser welding has been dominated by the Nd:YAG laser. This has been faced with competition from the 
multimode fiber or disc laser. The new lasers has a better beam quality and is typically also cheaper, has less maintenance and
can be scaled to higher powers [19]. In recent years the single mode fiber laser has entered the market. The single mode fiber 
laser has a nearly perfect beam quality. [18] This high quality beam allows for narrow and deep welds [11] [9]. These narrow 
beams gives the option to place multiple beams next to each other without making the overall weld width wider than a weld 
produced by a multimode fiber or YAG laser.  
1.2. Beam shaping techniques 
To produce multiple single mode laser beams focused close to each other there are several strategies. Multiple lasers could be 
used and focused through the same lens, or it could be one laser where the beam is split and each beam again placed close to each 
other and focused through the same lens. The third option is to reshape the wavefront. 
To change the form of electromagnetic radiation, which essentially is what a laser beam is, it is necessary to change the 
wavefront of the beam. A traditional lens is changing the wavefront of the beam in a rotational symmetrical way. Instead of using 
rotational symmetric elements the lens can be changed to a free form surface. In this way distortions and more free formed 
patterns can be created. Production of free form lenses is, however, a complicated and expensive process. Since the beam still 
needs to be focused to a small area, the effect of the lens is necessary. 
It is also possible to reshape the wavefront by making local changes in a substrate, where the wave front is delayed with up to
one wavelength. In this way it is possible to make complicated patterns of the resulting beam. This is referred to as a diffractive 
optical element – a DOE. The individual beams can furthermore be tailored with an individual power level by proper DOE 
design. 
It is even possible to overlay the effect of the lens in the DOE. In these experiments the focussing effect is excluded from the
DOE design. This makes it possible to do experiments with different focal lengths by only changing the lens, thus reducing the 
demand for different costly DOEs. 
Fig. 3. Focussing of a traditional laser beam with fiber transmission: (a) with basic definitions, where R indicates the Rayleigh length, (b) with a DOE, which 
splits the beam into three beams Indicated by green, red and blue colours.
In figure 4 a summation of beam shaping techniques is shown, where the beam is changed from its natural round form to more 
complicated geometries. 
The aim of this work is to control the weld pool size by applying multiple keyholes in a pattern. It was therefore chosen to use
the beam splitting design strategy. It is also in this strategy that the highest conversion efficiencies for DOEs are generally found 
together with robustness against alignment errors of the DOE in the optical path. 
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 Advantage Disadvantage Pattern types 
possible 
Depth of field Transformation 
efficiency
Alignment 
tolerances 
DOE - 
Shapers [8] 
[22] 
High 
transformation 
efficiency 
Difficult to get a 
good depth of 
field 
Simple shapes, 
round, square, 
top hat 
Medium to high 
(difficult) 
High High 
DOE - 
Splitters [8] 
[22] 
Automatic 
conserves nearly 
same depth of 
field as original 
beam
Can only do 
copies of input 
beam
Repeats of beam 
in pattern 
Nearly the same 
as input beam 
High Low 
DOE - 
Diffusers
[8] [22] 
Complex 
patterns 
Zero order beam 
in middle of 
pattern, speckles 
in pattern 
Arbitrary shapes, 
like logos etc. 
Low Medium-High Low
Beam 
splitting of 
a single 
laser [4] 
For two beams it 
is simple 
Complicated to 
do more than 
two beams 
Two beams in 
arbitrary 
positions  
Same as input 
beam
Nearly 100 % Unit built into 
laser head, and it 
is typically easy 
to change 
distance 
Multiple
lasers [6] 
Power can be 
changed freely 
between spots 
Expensive, loss 
of beam quality 
in complex 
delivery fibers  
Dots in same 
pattern as fiber 
bundle arrives to 
collimator 
Same as input 
beam
100 % None - built into 
collimator 
Field
mappers 
[7] [8] 
Industrial unit 
ready to 
integrate 
Limited 
transformation 
possibilities 
Top hat and line 
profiles, inverse 
gauss and other 
simple 
geometrics 
Depends on size 
of pattern 
compared to 
input beam 
Nearly 100 % Low 
Fig. 4. Beam shaping options. 
2. Experiments 
Experiments were performed with an optical setup as sketched in figure 3a and 3b. First reference experiments were performed 
with a single round beam as sketched to the left in figure 3a. Later a DOE were introduced before the focusing lens which was 
designed to split the beam into sub-beams on a line transverse to the welding direction. Two different DOE designs were tested.
The welding were performed using three different single mode fiber lasers. Parameters and details are listed in figure 5. 
   IPG YLR-400-SM IPG YLS-3000-SM
Power levels [W] 100 - 400 100 - 3.000
Beam quality, M2  1.05 1.25
Collimated diameter [mm] 12.5 9.6
Focal length, focussing [mm] 200, 331, 552 780
Travel speeds [mm/s] 5 - 150 5 - 150
Fiber core diameter [µm] 20 37
Dfocus, calculated [µm] 23, 40, 63 139
Gas  Nitrogen, Argon, Mison18 Nitrogen, Argon, Mison18
 Fig. 5. Lasers and parameters. 
Initial reference experiments were performed with maximum 400 W using IPG YLR-400-SM laser. To have enough power in 
each beam when it was split, experiments were also performed with an IPG YLS-3000-SM laser with maximum power of 3 kW. 
Not all combinations of power, focus, travel speed and lenses have been performed. The experimental strategy was to determine 
the influence of the input variables on the resulting welding geometry (and quality) by adjusting parameters on achieved results.
Experiments were performed as bead-on-plate experiments on two different materials: Mild steel (EN DC01) and Stainless 
Steel (EN 1.4301).  
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In all cases the laser head was held steady perpendicular to the plate performing upside down welds and the plate was moved 
linearly. Shielding gas was delivered perpendicularly to the welding either through a large flat nozzle approximately 40 mm from
the welding process, or by a coaxial nozzle with a diameter of 10 mm approximately 13 mm from the welding process. Gas flow 
where kept at 20-25 l/min. 
2.1. Reference experiments 
The goals of the experiments were to establish a reference database to make best designs of DOEs to build up design rules for 
future pattern design. Therefore, the following research questions are to be answered: 
x When is a keyhole formed?  
x What is the weld geometry made with a single beam? 
o What is the effect of travel speed? 
o What is the effect of power? 
o What is the effect of focus position? 
o What is the effect of spot size? 
To evaluate the penetration depths and face widths, polished and etched cross-sections were produced of each weld, and 
measured with an optical microscope.  
From the polished cross-section the penetration depth, face width and middle width were measured. In figure 6a a typical 
keyhole weld is seen, and in figure 6c a typical surface conduction weld. Figure 6b shows a weld which has formed a small 
keyhole penetration in the middle resulting in a small bulge downwards, but mostly just is a surface conductive welding. 
Fig. 6. (a) A classic keyhole welding; (b) A weld which has just started to form a deep keyhole in the middle; (c) A surface conductive welding performed with 
Ø23 µm spot 1 mm from ideal focus position. 
During examination in microscope welding defects like porosities, hot cracking etc. were noted if seen. 
2.2. Experiments with beam patterns 
The aim of the experiments with beam patterns was: 
x To control the weld profile by applying a number of single beams on a line transverse to the welding direction. 
x To establish design rules with respect to beam spacing and power distribution for pattern designs. 
By placing a number of beams on a line, it was the goal to form a common melt pool which would have several keyholes, and 
in this way control both the welding face width and penetration depth, as an almost cross square section. To do this two DOEs 
were designed which spitted the beam into three and seven individual keyholes. 
Experiments were made in the same way as for single beams, with the difference that the DOE is introduced in the collimated 
beam before the lens as shown in figure 3b. 
After evaluation of the bead on plate experiments welding experiments were performed on a double but joint as showed in 
figure 2b. 
2.3. Pattern designs 
Spacing of the beams was calculated as the middle width of a single keyhole welding plus additional 20%. The 20% is added 
since the cooling effects to the sides are expected to be lower, because there is a neighbouring beam that heats the material on
each side. The edge beams were set to be 50 % more intense than the centre beams, to take the extra cooling towards the sides 
into account. 
The total weld face width was expected to be close to the distances between the edge spots and two weld radii. The penetration 
depth was expected to be the same as for single welds with same lens and power. 
472   K.S. Hansen et al. /  Physics Procedia  56 ( 2014 )  467 – 476 
Therefore the weld profile produced by a DOE was not expected to be significantly different from the ones of a series of single
welds which were placed next to each other with the same distance as the DOE spaces the beams. 
Both DOEs were produced with grayscale etching with a pixel size of 100 µm and 250 pixels in each direction. The grey scale 
etching technique applied was causing errors due to manufacturing problems. 
For the three spot DOE the distance was set at 200 µm using the lens creating the 40 µm spot. Both spacing between the spots 
and the individual spot sizes vary linearly with the focal length of the used focusing lens in the laser head. 
The patterns produced by the DOEs were analysed using a CCD based beam analysing system with suitable beam splitters and 
filters in front of the CCD chip, with both low and high power [21]. 
For both DOEs the focus diameter were increased in both the transverse and longitudinal directions with respect to the welding 
direction. Transverse to the welding direction, it was nearly doubled. In the longitudinal direction it grew up to 70 % for the
seven spot DOE and 10 % for the three spot DOE. This increase in spot and hereby keyhole size was not taken into account 
during the DOE design. 
The introduction of the DOE also changed the focus position several millimetres. Testing with up to 1 kW and analysis using 
the CCD camera showed no significant thermal drift, caused by the DOE during the time in which a weld was performed. 
The three spot DOE was designed with less intensity in the centre spot, but came out with more energy in the centre spot. The 
seven spot DOE almost ended as a six spot DOE, as the centre beam almost disappeared. 
Fig. 7. Bottom left: Pattern design; Top left: Energy distributions in design and measurement; Right: Measured profile from three spot DOE. 
Fig. 8. Bottom left: Pattern design; Top left: Energy distributions in design and measurement; Right: Measured profile from seven spot DOE. 
In figure 7 and 8 simulation and measurement results from the two DOEs are shown. For the three spot DOE the measured 
scattered light outside the three spots was 8 %, which were less than the 13 % expected from the design. For the seven spot DOE
the measured scattered light was 12 % and 5 % in the design. 
During examination of the two DOEs it was found that they both were under-etched with approx. 15-20 %. To evaluate the 
effect of this, a simulation with an under etched DOE was performed. This gave results similar to those measured on the 
manufactured DOEs, with a higher intensity in the middle for the three spot DOE, and no energy in the middle for the seven spot
DOE. Also most of the differences in scattered light could be explained from the under etching.  
2.4. Results of reference experiments 
By studying the polished cross sections it was found that the welds which only have formed a small bulge in the middle of the 
weld had a penetration depth/ face width ratio of minimum 0.5-0.7. The actual value depends on travel speed, focus spot, laser 
power and focus position.  
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In figure 9 the penetration depths for different travel speeds and laser powers for three of the different spot sizes are seen.
There is a clear nonlinear change when going from 300 to 400 W for an Ø63 µm spot, when going down in spot size the keyhole 
is formed at lower laser power. When looking at the polished cross sections for 300 W laser power, it was seen that the bulge on
the bottom came at travel speeds from 50 mm/s and lower. 
To create a keyhole with a single beam with Ø23 µm spot, 100 W is enough even though the graph for Ø23 spot might indicate 
differently. For Ø40 spot 300 watt is needed to form a keyhole, and for the Ø63 spot more than 300 W is needed to form a 
keyhole. 
Fig. 9. Comparison of penetration depth in stainless steel for different values of travel speed, laser power and spot size.
x Deepest penetrations were found when focus was placed between the surface and one Rayleigh length into the 
material. In general half a Rayleigh length into the material gave the deepest welds. 
x The narrowest welds were found when focus is placed between 0.5 and 1 Rayleigh length into the material. 
x In general, penetration depths were found to be 10 % deeper in stainless steel compared to mild steel. 
x It were found that the shorter the focal length, the deeper the welds became with the same power.  
x The middle widths at half penetration depth were found to be almost independent of power for keyhole welding. 
x When focus was moved one Rayleigh length for welds were the power was only sufficient for forming a keyhole, the 
weld became a laser surface conduction weld instead. At higher powers this sensitivity to focus position became less. 
It did, however, still affect the penetration depth in all cases, when the focus was moved. 
x Tests with different shielding gasses and no shielding gas were also performed. It was found that it is not important for 
the weld profile, only for surface oxidation. This has previously been reported for fiber laser welding. [22] [20] 
2.5 Results of experiments with beam patterns 
In figure 10 are shown cross sections from the experiments with the three spot DOE and 400 W laser power. With the Ø40µm 
spot and travel speed of 50 mm/s this configuration produces rectangular welds.  
Looking on the cross sections, we see in (a) and (b), that when the line energy is high and the penetration depth is over a certain 
depth, then the melt pools of the individual spots are totally integrated. When the line energy is small, we see in (c), that the three 
spots creates separate keyholes in the lower section of the weld.  
Fig. 10. Welds with the three spot DOE, 50 mm/s travel speed, 400 W power and focus at the surface performed with three different lens configurations: 
(a) Ø23 µm spot; (b) Ø40 µm spot and (c) Ø63 µm spot. 
Penetration depths for the three spot DOE with 50 mm/s are shown on figure 11 together with the penetration depths for a 
single round beam. This shows that the penetration depth of the three spot DOE is a little higher than one third of the penetration 
depth of the single spot penetration for the similar beam diameter and laser power. 
In figure 11 left is shown the typical appearance of the weld surface of a weld performed with the three spot DOE with 
parameter combinations where the three keyholes were creating one melt pool. It is seen that in such cases there were no visible
topographical structures from the three spots.  
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Fig. 11. (a) Surface of the weld with cross section seen in figure 10b; (b) Relation between power, penetration depth and focus spot size for the individual beams 
in the pattern for stainless steel and three spot DOE.
The power of the 400 W laser was not high enough to create keyhole welding with the seven spot DOE. Further experiments 
were therefore conducted with higher power on the 3 kW laser with both the three and seven spot DOE.  
Figure 12 shows three cross sections of welds performed with the 3 kW laser and the 780 mm focal length. The obtained 
individual spot diameters of the DOE-patterns were here 139 µm. The two examples of welding with the three spot DOE (Figure 
12a and 12b) shows results of similar structure as in figure 10a and 10c: When the line energy is high (figure 12a), the 
penetration is over a certain depth, then the melt pools of the individual spots are totally integrated with a deep central region as 
result. When the line energy is smaller (figure 12b) the three spots creates separate keyholes in the lower section of the weld.
Figures 12b and 12c show the the individual keyholes, which are reflecting the power distribution between the individual spots,
see figures 7 and 8. The apperance of keyholes indicates that the line energy is not sufficently high to create totally integrated 
melt pools.  
Fig. 12. Cross sections of welds with 139µm spot performed; (a) with three spot DOE, 800 W, 20 mm/s.; (b) with three spot DOE, 800 W, 50 mm/s. and (c) with 
seven spot DOE, 50 mm/s, 1500 W. 
After evaluation of the bead-on-plate welds a few preliminary experiments were performed on a double butt joint geometry as 
showed in figure 2b. 
For comparison bead on plate welds were performed with one laser beam, defocussed to obtain the same face width with the 
same travel speed as obtained with the three spot DOE. Cross sections of the two types of welds are shown in figure 13. These 
cross sections shows that for the same weld face width and travel speed, the penetration depth obtained applying the three spot
DOE and 400 W was slightly larger than the penetration depth obtained when applying 1050 W with a single defocussed laser 
beam. 
Fig. 13. (a) A weld performed with the three spot DOE as a double butt joint. Total power 400 W. and travel speed 50 mm/s. (b) Defocussed beam which 
produces nearly the same face width as the three spot DOE. Power 1050 W and travel speed 50 mm/s.
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3. Discussion and outlook. 
Looking on the results, it is important to define the distances between the individual beams in the beam pattern carefully. This
can be affected by DOE-design and scaled by scaling the F# (where F# is focal ratio, being the focal length of the lens divided
with the collimated beam diameter) for example by changing the focal length of the focussing optics. 
In this study, the beams have been placed a little too close to each other on the three spot DOE when applying the low F#, i.e.
the focussing systems with focal lengths of 200 mm, 331 mm and 552 mm. With focal length of 780 mm, creating 440 µm 
spacing the keyholes separate clearly. In this case, each of the spots grows to above 200 µm in the direction transverse to the
welding direction. 
It has not been possible to verify how much extra laser power is needed for the edge beams compared to the other beam spots 
to obtain rectangular weld seams. However when comparing the weld with the seven spot DOE it looks as if the 15 % difference 
in amount of laser power realized in the manufacturing is a reasonable guess.  
On the other hand the results with the three spot DOE and high line energy shows, that the thermal interaction in between the 
different keyholes increases, which results in deeper penetration in the centre and a fuzzy weld pool shape. 
Besides shaping of the weld profile, the technique, where a pattern of high brightness beams is directed into the same melt 
pool, could be applied in a number of dissimilar applications such as: 
x Improvement of surface quality – more hygienic welds 
x Welding of duplex steel – control of cooling to ensure enough austenite is formed 
x High speed welding – avoiding humping beads 
x Welding of dissimilar materials – control of energy distribution to each material 
x Robustness in welding – decreasing the effect from surface pollution and inaccuracies. 
x Cladding – control of mixing 
4. Conclusion 
This paper describes an experimental study of laser welding with single mode fiber lasers, applying two different line patterns
of intense laser beams across the work pieces with small distances in between the individual beams to create one wider weld 
pool. 
It has been shown that the face width and penetration depth can be controlled by applying a pattern of laser spots each forming
a keyhole. It is shown that the process can be scaled to any desired welding width. 
By applying a row of high intensity beams instead of one large defocussed or multimode laser beam, higher melting efficiency 
is obtained compared to welding of the same profile with a defocussed laser beam. This is resulting in lower overall laser power
requirement with multi beam welding compared to welding with one larger laser beam. 
For implementation in real applications it is important to produce a specific beam pattern design for the specific task and adapt 
the laser power and the travel speed, like in welding with a single round laser beam. 
A set of design rules has been established from which penetration depth and face width can be deducted approximately and a 
basis for future work within has been established. 
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